Abstract Mitochondrial dysfunction in various tissues has been associated with numerous conditions including aging. In testes, aging induces atrophy and a decline in male reproductive function but the involvement of mitochondria is not clear. The purpose of this study was to examine whether the mitochondrial profile differed with (1) aging, and (2) 10-weeks of treadmill exercise training, in the testes of young (6 month) and old (24 month) Fischer-344 (F344) animals. Old animals exhibited significant atrophy (30 % decline; P \ 0.05) in testes compared to young animals. However, relative mitochondrial content was not reduced with age and this was consistent with the lack of change in the mitochondrial biogenesis regulator protein, peroxisome proliferator-activated receptor gamma coactivator 1-alpha and its downstream targets nuclear respiratory factor-1 and mitochondrial transcription factor A. No effect was observed in the pro-or anti-apoptotic proteins, Bax and Bcl-2, respectively, but age increased apoptosis inducing factor levels. Endurance training induced beneficial mitochondrial adaptations that were more prominent in old animals including greater increases in relative mtDNA content, biogenesis/remodeling (mitofusin 2), antioxidant capacity (mitochondrial superoxide dismutase) and lower levels of phosphorylated histone H2AX, an early marker of DNA damage (P \ 0.05). Importantly, these exercise-induced changes were associated with an attenuation of testes atrophy in older sedentary animals (P \ 0.05). Our results indicate that aging-induced atrophy in testes may not be associated with changes in relative mitochondrial content and key regulatory proteins and that exercise started in late-life elicits beneficial changes in mitochondria that may protect against age-induced testicular atrophy.
Introduction
Aging is associated with the degeneration and functional decline of numerous tissues and/or organs including the testis, and age-induced testicular atrophy (hypogonadism) affects millions of men each year in the United States (Rhoden and Morgentaler 2004) . Age-induced testicular atrophy leads to abnormalities in sperm production and significant reductions in testosterone production, and this occurs across all mammalian species (Bethea and Walker 1979; Ferrini and Barrett-Connor 1998; Kirschner and Coffman 1968; Pirke et al. 1979 Pirke et al. , 1980 . Notably, reductions in testosterone levels with aging in humans is associated with increased body mass index and waist circumference, and elevated incidence of metabolic syndrome which increases the risk for cardiovascular disease and diabetes (Kupelian et al. 2006; Maggio et al. 2006; Muller et al. 2005; Svartberg et al. 2008) . Thus, understanding the underlying cellular and molecular mechanisms responsible for testicular atrophy is a highly relevant health issue. There are several mechanisms that could contribute towards testicular atrophy with age including alterations in the testes composition, impairments in hormone responsiveness, microvascular changes, and mitochondrial dysfunction (Dominguez et al. 2011; Mulligan et al. 2001; Perheentupa and Huhtaniemi 2009; Pirke et al. 1979; Sasano and Ichijo 1969) . Although some evidence suggests mitochondrial abnormalities may play a role in testicular dysfunction and/or atrophy, the detailed molecular mechanisms involved have yet to be fully established.
Mitochondria are the primary intracellular source of ATP for the majority of cells in the body and their dysfunction is implicated in the age-related decline of highly metabolic tissues such as muscle, heart, and neurons (Calvani et al. 2012; Trifunovic and Larsson 2008; Wallace 2005) . Age-induced mitochondrial dysregulation includes but is not limited to (1) impaired electron transport chain (ETC) function and/or lowered mitochondrial content causing reduced ATP production, (2) ETC overproduction of damaging reactive oxygen species (ROS), and (3) induction of cellular death pathways (apoptosis). Interestingly, exercise is a physiological perturbation that leads to an upregulation of mitochondrial content and function in numerous tissues by activating metabolically sensitive intracellular signaling pathways (i.e. AMPK and p38MAPK) that upregulate a defined set of mitochondrial associated factors/genes. Mitochondrial biogenesis is an intricate process involving the coordinated induction of both nuclear and mitochondrial genomes, the assembly of proteins into an expanding reticulum, and involves dynamic fusion and fission of mitochondria (Hood 2001; Seo et al. 2010 ). Mitochondrial biogenesis is highly regulated by peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) which coactivates a variety of important transcription factors (i.e. nuclear respiratory factor 1, NRF-1 and mitochondrial transcription factor A, Tfam) involved in mitochondrial regulation (Burgess et al. 2006; Espinoza et al. 2010; Hood 2001; Lin et al. 2005; Scarpulla 2006; Summermatter et al. 2011; Wu et al. 1999) . Thus, exercise is a robust physiological perturbation capable of evoking significant improvements in oxidative capacity, physical function, and attenuating age-induced functional decrements in numerous tissues in both young and old individuals, and these beneficial adaptations are partially attributed to the induction of mitochondrial biogenesis pathways (Lanza and Nair 2009; Short et al. 2003) . However, at present, it is unclear whether exercise induces similar beneficial adaptations and/or alters mitochondrial content within young and old testicular tissue.
Paradoxically, mitochondria are not only responsible for ATP production and energy for ''life'' of cells, but they also contain pro-apoptotic factors that upon release can lead to cellular ''death'' through apoptosis (Rigoulet et al. 2011) . Mitochondrial apoptotic susceptibility is largely dependent upon the ratio of proand anti-apoptotic proteins (Bcl-2 family members; i.e. pro-apoptotic Bax and anti-apoptotic Bcl-2), and ROS that trigger pro-apoptotic release through a specialized mitochondrial permeability transition pore (mtPTP; Primeau et al. 2002) . Aging increases mitochondrial apoptotic susceptibility in multiple tissues and exercise has been shown to be efficacious in evoking mitochondrial adaptations that suppress ageinduced apoptosis (Chabi et al. 2008; Leeuwenburgh 2002, 2004; Pistilli et al. 2006) . In testes, apoptosis has been linked to age-related germ-cell loss in both animals and humans (Barnes et al. 1999; Brinkworth et al. 1997; Wang et al. 1999 ) and exercise (lifelong) has been shown to protect against testicular function loss, which has been primarily attributable to reducing the overall levels of oxidative stress and inflammation (Chigurupati et al. 2008; Zhao et al. 2013) . Furthermore, a recent study investigating the effect of exercise on the mtDNA mutator mouse which harbors systemic mitochondrial dysfunction showed that endurance training significantly improves mitochondrial function and content in numerous tissues, including the testes (Safdar et al. 2011) . Taken together, these studies suggest that endurance training may be a stimulus that can alter mitochondrial biogenesis and/or mitochondrially-mediated apoptosis to potentially improve ageassociated decrements in testicular tissue but the detailed mechanisms have yet to be determined.
Mitochondrial energy metabolism/biogenesis is critical for the normal physiological functioning of all tissues including the testis, which is a highly metabolic tissue and heavily dependent on mitochondrial energy production. For example, mitochondrial function is important for normal spermatogenesis and mitochondrial impairments in the testes are implicated in both testicular atrophy and the decline of male reproductive function but the cellular and molecular mechanisms are not well understood (Amaral et al. 2008; Bajpai et al. 1998; Cummins et al. 1994; Erkkila et al. 2006; Frank and Hurst 1996; Nakada et al. 2006; St John et al. 1997; Vazquez-Memije et al. 2008) . Thus, the purpose of this study was to investigate whether age-induced testicular atrophy was associated with mitochondrial protein profile changes in aged animals and whether 10-weeks of endurance exercise could confer protection against testicular atrophy and/or potential deleterious mitochondrial protein profile alterations with age. We hypothesized that the testicular mitochondrial protein profile in aged animals would be compromised compared to young, to reflect increased apoptotic susceptibility and reduced mitochondrial content, and that exercise would reduce testicular atrophy and suppress these age-induced changes in key mitochondrial pathways.
Experimental procedures

Animals
Young (6-month-old) and aged (24-month-old) male Fischer-344 rats were obtained from the National Institute on Aging. All animals were housed in a temperature-controlled room with a 12-h light/dark cycle. Animals were given water and food ad-libitum. The care of the animals in this study was in accordance with NIH guidelines and approved by the University of Florida Institutional Animal Care and Use Committee.
Exercise protocol
Animals from both age groups were randomly assigned to either a sedentary group (Young Sedentary, Y-S; Old Sedentary, O-S) or an exercise-trained group (Young exercise, Y-Ex; Old Exercise, O-Ex). The endurance-exercise protocol was described previously (Dominguez et al. 2011) . Briefly, young and old exercise rats were habituated to treadmill exercise, during which each rat walked on a motor-driven treadmill at 15 m/min (0-degree incline), 5 min/day for 3 days. After the habituation period, the incline was raised to 15-degrees for the duration of the training period, while the 15 m/min speed was maintained. During the first 5 weeks of training, the time of exercise was increased by 10 min/week, until 60 min duration was reached by the 6th week. The trained rats continued to exercise 5-days/week for 60 min/day for the remainder of the 10-week training period. Following training, the animals were sacrificed and both of the testes were removed and immediately frozen in liquid N 2 and stored for future analyses. It is important to note that while this strain of rodents has a high incidence of developing testicular tumors as they age, animals exhibiting any abnormalities in the phenotype of the testis tissue were excluded from the study.
Cytochrome c oxidase (COX) enzyme activity COX activity was performed as outlined previously ). Briefly, whole testes homogenates were diluted in buffer (0.1 M KH 2 PO4 and 2 mM EDTA, pH 7.2) and sonicated (3 9 5 s) on ice. Enzyme activity was determined by the maximal oxidation rate of completely reduced cytochrome c, evaluated as a change in absorbance at 550 nm using a multi-detection microplate reader (Synergy HT, Biotek Instruments, Winooski, VT, USA).
Immunoblotting
Whole testes extracts were prepared as previously described (Joseph et al. 2013a ) and separated by 4-15 % SDS-PAGE. Gels were subsequently transferred to nitrocellulose membranes using a semi-dry electrotransfer apparatus. Nitrocellulose membranes were then blocked (1 h) with 5 % skim milk in 19 TBST solution [Tris-buffered saline with Tween 20: 25 mM TrisÁHCl (pH 7.5), 1 mM NaCl, and 0.1 % Tween 20]. Membranes were incubated overnight at 4°C with primary antibodies at a dilution of 1:250 (T-ACC), 1:500 (Bax, Bcl-2, P-AMPK, T-AMPK, P-ACC, PGC-1a, NRF-1, Tfam, Mfn2, 4-HNE), 1:1,000 (HSP70, Fis1, p-H2AX, HSP78/CLPB), 1:1,500 (cytochrome c), 1:2,000 (MnSOD) and 1:3,500 (AIF). Membranes were washed (3 9 5 min) using TBST and incubated with the corresponding secondary antibody at room temperature (45 min). Antibodies were obtained from Santa Cruz (AIF, sc-9416; Bax, sc-493; Bcl-2, sc-7382; cytochrome c, sc-8385; MnSOD, sc-30080), Abcam (4-HNE, ab46545; HSP78/CLPB, ab87253), Alexis Biochemicals (Fis1, 210-907-R100), Sigma (Mfn2, M6444), Cell Signaling (P-AMPK, 2135S; T-AMPK, 2532S; P-ACC, 3661S; T-ACC, 3662S), Calbiochem (PGC-1a, 516557; Hsp70, HSP-01; Tfam, DR1071), Millipore (p-H2AX, 07-164) and Rockland Immunochemicals . Membranes were washed (3 9 5 min) in TBST and detected using the enhanced chemiluminescence method (ECL, Santa Cruz). Films were scanned and analyzed using the Kodak 1D Imaging Software (v.3.6). Target bands were normalized to the amount of protein loaded in each lane, as determined by densitometric analysis of the corresponding Ponceau S-stained (Joseph et al. 2013b ).
Detection of protein oxidation
To assess oxidative stress, protein carbonylation was measured by immunoblot analyses utilizing the Oxyblot Protein Oxidation Kit (S7150; Millipore). Briefly, protein extracts (20 lg) were derivatized with 2,4-dinitrophenylhydrazine (DNPH) and subsequently separated by 12 % SDS-PAGE and transferred to nitrocellulose membranes. Membranes were probed with antibodies directed toward DNP (1:150) and detected using enhanced chemiluminescence (ECL; Santa Cruz) and exposed to film and analyzed using the Kodak 1D Imaging Software.
Total DNA isolation
Total genomic DNA was isolated from pulverized testes tissues with DNAzol reagent (Invitrogen/Life Technologies, Carlsbad, CA, USA) according to manufacturer's instructions and resuspended in *50 ll of 8 mM NaOH. Total DNA concentration and purity were assessed using absorbance readings at 260-and 280-nm using a multidetection microplate reader (Synergy HT, Biotek Instruments, Winooski, VT, USA). mtDNA content mtDNA was assessed using quantitative real time polymerase chain reaction (qRT-PCR). Real-time PCR reactions were performed using SYBR Green on the Step One Plus Real Time PCR System (Applied Biosystems, Foster City, CA, USA). Primers were directed toward the rat mitochondrial D-loop region (Forward:
. Each sample was analyzed in triplicate in 20 ll of final volume containing Power SYBR Green PCR Master Mix (Applied Biosystems/Life Technologies, Warrington WA, UK), 0.5 lM forward and reverse primers and DNA template (5 ll of 1:10 dilution of 5 ng/ll DNA). Briefly, reactions underwent 10 min of denaturation at 95°C, followed by amplication for 40 cycles consisting of denaturation at 95°C for 15 s, annealing and extension at 60°C for 1 min. Quantification of mtDNA content was normalized to b-actin.
Data interpretation and analysis
Two-way analyses of variance (ANOVA) were performed to determine the effect of age and exercise in the young and old groups followed by a Bonferroni post-test to determine statistical significance between groups. Statistical differences were considered significant if P \ 0.05. Data are expressed as mean ± SEM.
Results
Testicular mass is reduced with aging and attenuated with exercise
Testes mass was reduced by 30 % (P \ 0.05) in aged testes when compared to young (Table 1) and this difference was more pronounced (*45 % decrease) when corrected for body weight (P \ 0.05). Exercise training increased absolute testicular weight (and testes weight/body weight) in both age groups (P \ 0.05) and this effect was more pronounced in older exercised animals than young (1.6-compared to 1.1-fold, respectively) when compared to their agematched sedentary groups (P \ 0.05; Table 1 ). It is well known that Fischer-344 rats are prone to developing testicular tumors as they age and some animals in our colony did display such tumors but were excluded from this study.
Effect of aging and exercise on mitochondrial content
To determine whether aging altered mitochondrial content in testes of aged animals, we measured both cytochrome c oxidase (COX) activity and total mtDNA levels, which are both well-established and commonly used markers of mitochondrial content Joseph et al. 2013b ). The efficacy of our aerobic exercise program was confirmed in a previous report using the same animals where citrate synthase activity in the soleus muscle in both young and old animals was elevated following the training paradigm (Dominguez et al. 2011) . MtDNA levels were elevated with training and age (P \ 0.05; Fig. 1a ). COX activity is a holoenzyme complex comprised of subunits from both the mitochondrial and nuclear genome and therefore its upregulation is often considered to be a more accurate reflection of mitochondrial content. While there was no difference in COX activity with age (Fig. 1b) , a main effect of training (P \ 0.05) was observed when compared to age-matched sedentary animals (Fig. 1b) . Furthermore, our increased mtDNA content and COX activity with training in young and old testes was further fortified with significant elevations in cytochrome c, another mitochondrial content marker, in both young and old animals (*2.1-fold; P \ 0.05; Fig. 1c ).
Alterations in mitochondrial signaling molecules in testis
Since our mtDNA, COX activity and cytochrome c data indicated exercise training increased relative mitochondrial content in the testes of both young and old animals, we next assessed the activity of key proteins involved in upstream mitochondrial biogenesis signaling. No significant changes were detected in 5 0 adenosine monophosphate-activated protein kinase (AMPK) or its downstream target acetyl-CoA carboxylase (ACC) with age or exercise (Fig. 2a, b , respectively). However, older animals had significantly higher p38 mitogen-activated protein kinase (MAPK) activation (P \ 0.05) when compared to young (Fig. 2c) . Additionally, p38 activation was increased (P \ 0.05) with exercise in older animals when compared to age-matched sedentary animals (Fig. 2c) .
Mitochondrial regulators and biogenesis PGC-1a and NRF-1 expression levels have been shown to be important mitochondrial biogenesis regulators in numerous tissues with aging and exercise. Since our data indicated that mitochondrial content was altered with training, we decided to measure these key proteins in testes tissue from young and old animals following training. PGC-1a and NRF-1 protein content were not altered with age in testis tissue (Fig. 3a, b , respectively), which is consistent with our COX activity and cytochrome c measurements. Interestingly, exercise did not have a significant effect on the levels of these mitochondrial regulatory proteins as anticipated based on the exercise-induced elevations in cytochrome c and COX Animals were weighed at the end of the intervention and body weights represented in grams (g). Testis weights were taken immediately following excision and data represented as a ratio to body weight (g/g). Young (6 months) and Old (24 months) animals were randomly assigned to a sedentary or an exercise group. All data are represented as mean ± SEM * Significantly different than young (P \ 0.05) # Significantly different than age-matched sedentary (P \ 0.05) Biogerontology (2014) 15:517-534 521 activity in both young and old animals ( Fig. 3a, b , respectively). Additionally, no changes were detected in the mitochondrial transcription factor A (Tfam; data not shown). In contrast, cytosolic heat shock protein 70 (cHSP70), a stress response marker and an important factor for mitochondrial protein import, was markedly reduced in aged animals (P \ 0.05; Fig. 3c ). Levels of HSP78, a mitochondrial ClpB-type chaperone, responsible for maintaining protein quality control within the mitochondria were also measured. No changes were detected in protein content with age or exercise (Fig. 3d) .
Mitochondrial ultrastructure remodeling in aged testes with exercise
The biogenesis of mitochondria is not only dependent on the upregulation of mitochondrial-and nuclearencoded proteins to be inserted into the expanding mitochondrial reticulum but is also regulated by fusion and fission processes referred to as mitochondrial dynamics. We therefore measured the key mammalian mitochondrial fusion protein, Mfn2, and the fission protein, Fis1, to determine whether age, or exercise, altered these processes in testis tissue. Indeed, the level of Mfn2 was significantly higher (P \ 0.05) with exercise in older animals while no change was detected in Fis1 (Fig. 4a, b , respectively).
Effect of aging and exercise on apoptosis pathways and antioxidant capacity in testes Given the effect of age (decrease-atrophy) and exercise (increase-biogenesis) on testes mass (Table 1) , we wanted to determine whether an increase or decrease, respectively, in apoptotic susceptibility might have contributed to these alterations. We found that exercise significantly decreased (P \ 0.05) proapoptotic Bax in the young group while significantly increasing anti-apoptotic Bcl-2 levels (Fig. 5a, b , respectively). There were no changes in Bax or Bcl-2 levels when comparing young and old testis and exercise did not alter Bax or Bcl-2 in the aged animals. Thus, the Bax-to-Bcl-2 ratio, an indicator of apoptotic susceptibility, was significantly reduced with exercise in the young testis but was unaffected in the old testis (data not shown), and was not different when comparing young and old testis tissue. Levels of apoptosis inducing factor (AIF) were significantly higher in aged testes when compared to young, and exercise caused a significant increase in both young and old testis tissue (P \ 0.05; Fig. 5c ). The antioxidant manganese superoxide dismutase (MnSOD) was not different between young and old testis (Fig. 5d) . Interestingly, exercise significantly increased MnSOD in testes tissue from old animals but was unaltered in young testis tissue (P \ 0.05; Fig. 5d ). Protein carbonylation ( Fig. 6a ) and lipid peroxidation levels (4-hydroxynonenal, 4-HNE; Fig. 6b ) were measured and used as an indirect measure of oxidative stress and/or damage. However, no significant differences were observed with either age or exercise in old or young shown with dashed lines indicating that lanes from the gel have been excised and the lanes from a single gel reordered to show a representative image. Bottom a summary of data (n = 7/group).
Significance was set at P \ 0.05 and all data are represented as mean ± SEM. Data are expressed as arbitrary units (AU). *P \ 0.05 versus young testes tissue. We also measured phosphorylation of the histone H2AX (p-H2AX) also known as gamma-H2AX, an early marker of DNA damage. Although no differences were observed with aging, there was an exercise effect resulting in a downregulation of p-H2AX levels in both age groups ( Fig. 6c ; P \ 0.05).
Discussion
Age-induced testicular atrophy affects millions of males within the United States each year and testicular atrophy and/or dysfunction is associated with a significant reduction in circulating testosterone levels. This represents a significant health issue since low testosterone is associated with the development of metabolic syndrome and consequently increases the risk of developing cardiovascular disease and/or diabetes (Kupelian et al. 2006; Maggio et al. 2006; Muller et al. 2005; Svartberg et al. 2008) . The etiology of age-induced testicular atrophy is proposed to be multifaceted and may include impairments in hormone responsiveness, microvascular alterations, and mitochondrial dysfunction (Dominguez et al. 2011; Mulligan et al. 2001; Perheentupa and Huhtaniemi 2009; Pirke et al. 1979; Sasano and Ichijo 1969) . The purpose of our study was to provide insight into the role of mitochondria in age-induced testicular atrophy. To achieve our objectives, we examined whether mitochondrial biogenesis, mitochondrial dynamics, and mitochondrial apoptotic susceptibility are altered in testicular tissue with aging. Additionally, we investigated whether endurance exercise training, a well-established intervention known to bolster mitochondrial content in muscle, and other peripheral tissues, is capable of altering the mitochondrial profile within testicular tissue when commenced late in life. To our knowledge, this is one of the few studies to investigate whether aging alters the mitochondrial profile in testicular tissue and whether exercise offers protection against age-associated testicular atrophy. Previous studies have shown that normal testicular function (i.e. spermatogenesis) is dependent upon mitochondria that are capable of modifying their number, shape, and location (De Martino et al. 1979; Fawcett 1970; Hecht 1995; Kaya and Harrison 1976; Machado de Domenech et al. 1972; Meinhardt et al. 1999; Miki et al. 2004; Ruiz-Pesini et al. 1998) . Aging has been reported to cause degeneration of testis tissue leading to atrophy and impairments in testicular function (reduced testosterone and sperm production), and mitochondrial dysfunction appears to contribute to these processes (Barnes et al. 1998; Cummins et al. 1994; Frank and Hurst 1996; Matsumoto 2002; Nakada et al. 2006; St John et al. 1997; Vermeulen 1991) . To further underscore the importance of mitochondria in testis tissue, patients with mitochondrial disease typically exhibit significant abnormalities in testicular function (Folgero et al. 1993; Ruiz-Pesini et al. 1998; Spiropoulos et al. 2002) . Taken together, this evidence suggests mitochondrial integrity and mitochondrial function are critical for maintaining normal testicular function and that aging appears to impair mitochondrial processes which may partially contribute to atrophy and dysfunction within testicular tissue.
In our study, we found that aging caused significant testicular atrophy but were surprised that this was not associated with lower levels of mitochondrial content (COX activity and cytochrome c), mitochondrial biogenesis regulators (PGC-1a, NRF-1, or Tfam), or higher mitochondrial apoptotic susceptibility. Thus, our data indicate age-induced testicular atrophy is not attributable to decrements in mitochondrial content and/or key mitochondrial regulatory proteins or enhanced mitochondrial apoptosis. This was in contrast to our hypothesis and is in opposition to the agerelated decline in mitochondrial content typically found in other tissues. However, our data does not preclude the possibility that age may impair mitochondrial function without altering overall mitochondrial content. In fact, the most profound evidence and support for this hypothesis occurs within tumors in cancer where blood flow and microvascular oxygen supply (PO 2 ) is limited, and tumorous cells exhibit a metabolic shift from oxidative to glycolytic metabolism, termed the Warburg effect (Lopez-Lazaro 2008) . In tumors, mitochondrial content remains constant but the function of these organelles is significantly impaired and the cells are dependent upon glycolytic pathways for energy production. Interestingly, similar to the suppressed oxygenation within tumors, a previous report by our collaborators showed a 50 % reduction in PO 2 within the aged testes microvasculature of the animals reported in our study (Dominguez et al. 2011) . We speculate that the age-induced reduction in PO 2 may lead to suppressed mitochondrial function and increased reliance on glycolytic pathways for energy provision due to the reduced oxygen supply, similar to that of the Warburg effect. Unfortunately, due to the logistics of our experiments, we were unable to directly assess mitochondrial function (i.e. oxygen consumption), and therefore a more detailed investigation of these metabolic pathways is required to confirm this hypothesis. Although relative mitochondrial content and biogenesis markers were unaltered with age, we did find significant differences in the important mitochondrial chaperone protein, cHSP70. cHSP70 is intimately involved in mitochondrial regulation since it is responsible for the folding, targeting, and translocation of newly synthesized nuclear-encoded precursor proteins from the cytosolic fraction into mitochondria (Hood and Joseph 2004) . Moreover, cHSP70 also protects against denaturation and/or formation of mitochondrial protein aggregates under stressful cellular conditions (Parsell and Lindquist 1993; Sarge and Cullen 1997) . Thus, reduced cHSP70 in aged testicular tissue suggests possible downstream impairments in the folding and translocation of precursor proteins to mitochondria which could affect the functional assembly of ETC complexes to ultimately reduce mitochondrial function (Morimoto 2008) . In contrast to cytosolic HSP70, no differences were observed in the levels of HSP78, a protein involved in maintaining protein flux, localized to the mitochondria. HSP78, in conjunction with mtHSP70 and the ATP-dependent LON protease, are responsible for maintaining mitochondrial protein quality control and can be considered 'mitochondrial housekeepers' that function to remove toxic or damaged proteins (Voos 2013) . Previous studies have shown that Lon (Bota et al. 2002) and mtHSP70 protein levels , as well as Lon activity (Bakala et al. 2003 ) are reduced within aged tissue which suggests the ability of the organelle to remove damaged proteins and/or mitochondria may be impaired and contribute towards the overall loss of mitochondrial function with aging. Our study showed that HSP78 was not altered with either exercise or age and suggests that basal levels of HSP78 may be sufficient to support exercise-induced elevations in mitochondrial protein flux and also appears not to play a critical role in mitochondrial dysfunction with age. However, it seems that further work is warranted to determine whether mtHSP70 and/or Lon proteases are altered with either exercise and/or age in testicular tissue. Mechanistically, the mitochondrial theory of aging suggests that agerelated mitochondrial dysfunction would eventually cause an accumulation of ROS-induced damage. In support of this, studies have shown elevations in ROS, and increased markers of oxidative damage in the testes with age occur coincident with reductions in mitochondrial number and suppressed ETC activity (Amaral et al. 2008; Vazquez-Memije et al. 2008 ). Thus, we anticipated that oxidative damage markers would be elevated in our study but there were no significant differences when comparing young and old testes tissue with our oxidative stress biomarkers.
The involvement of mitochondrial-mediated apoptosis in age-related germ cell loss has also been demonstrated in animals (Hikim et al. 2005) . This occurred coincident with greater ROS-induced apoptosis in testes from old Brown Norway rats compared to young and included greater release of mitochondrial cytochrome c and PARP cleavage. Interestingly, we did not find evidence of greater apoptosis signaling in aged testes tissue as shown by an unaltered Bax-toBcl-2 ratio. Although there was not an age-induced increase in apoptosis signaling, we did find reduced apoptotic susceptibility in the exercise trained young group as indicated by lower levels of proapoptotic Bax and higher levels of anti-apoptotic Bcl-2 but exercise did not alter the aged group. DNA double-strand breaks (DSB), are the most dangerous type of DNA damage, and occur in response to a number of exogenous, as well as endogenous factors including ROS that are produced within the ETC of mitochondria (Hasty et al. 2003) . Phosphorylation of histone H2AX at serine 139 (p-H2AX; c-H2AX) occurs at exposed double-stranded DNA breaks in euchromatin and promotes the recruitment of DNA repair protein complexes at the site of damage known as c-H2AX foci or DNA damage response foci (Foster and Downs 2005; Tanaka et al. 2007; Vilenchik and Knudson 2003) . Higher levels of c-H2AX foci have been reported in both senescent cells and aging mice testes and the frequency of c-H2AX foci has been shown to increase with age, and age-related pathologies in humans (Schurman et al. 2012; Sedelnikova et al. 2004 ). This suggests that if left unrepaired, the ensuing DSBs could activate apoptosis pathways that may lead to tissue loss associated with aging (Ting and Lee 2004) . To our knowledge, our study is the first to measure c-H2AX content in testes in aged and exercised rats. We did not detect higher c-H2AX levels in older testes but interestingly, exercise evoked a reduction in the levels of this protein in both young and old animals. This suggests that exercise may exert a beneficial effect in testes by promoting DNA damage repair and prevent damage caused by the accumulation of DSBs (Cobley et al. 2013; Radak et al. 2011) . However, more detailed experiments measuring c-H2AX foci, as well as levels of DSB repair proteins in this tissue are required to fully establish whether exercise confers protection against DNA damage.
We did detect higher levels of AIF in the old testis, a mitochondrially located flavoprotein with NAD(P)H-dependent redox activity capable of acting as a mitochondrially-located anti-oxidant (Baker and Hepple 2006; Dirks and Leeuwenburgh 2004; ). It is possible that age-induced elevations in AIF may represent an antioxidant compensatory upregulation attempting to protect mitochondrial macromolecules against ROS-induced modification with age. Interestingly, we also found that exercise training enhanced the mitochondrial antioxidant MnSOD in testicular tissue from old but not young animals. We speculate that this may be an adaptation to thwart exercise-induced elevations in ROS that would potentially exceed a cellular threshold level in the old but not the young testes tissue.
It is well established that exercise training improves the oxidative capacity of a number of tissues through the upregulation of mitochondrial biogenesis pathways in both young and old animals (Adhihetty et al. 2003; Boveris and Navarro 2008) . Exercise-induced elevations in mitochondrial biogenesis have been shown to decrease ROS production, suppress mitochondrial apoptotic susceptibility, and reduce myonuclear DNA fragmentation in numerous tissues of both young and old animals Siu et al. 2004 Siu et al. , 2005 Song et al. 2006) . However, only a few studies have investigated whether exercise causes beneficial adaptations in testicular tissue (Barnes et al. 1998; Brinkworth et al. 1997; Chigurupati et al. 2008; Safdar et al. 2011; Wang et al. 1999; Zhao et al. 2013 ). For example, Safdar et al. (2011) demonstrated that endurance exercise confers protection against progeroid aging by preventing decrements in mitochondrial biogenesis/function, suppressing apoptosis, and attenuating the loss in mass of multiple tissues, including testicular tissue. Similar results were obtained using SAMP8 mice, a senescence-accelerated mouse strain that displays high levels of oxidative stress early on in life (Zhao et al. 2013) . Lifelong exercise (swimming) or exercise initiated early in life resulted in an attenuation of oxidative stress and inflammation through the upregulation of the transcriptional antioxidant regulator nuclear factor erythroid 2-related factor (Nrf2), and nuclear factor kappa beta (NF-jB), involved in the inflammation response (Zhao et al. 2013) . Moreover, exercise restored testicular function as evidenced by the higher levels of testosterone production in these mice. In the present study, we observed a number of key exercise-induced beneficial mitochondrial adaptations in the testes of both young and old animals. However, the magnitude of the exercise-evoked mitochondrial changes tended to be greater in the aged animals (COX activity and cytochrome c), and some of the exercise-mediated mitochondrial adaptations and apparent trends appeared to be exclusive to the old testis (AMPK, ACC, p38, Mfn-2, Fis1) indicating an age-specific mitochondrial adaptive response to exercise in testicular tissue. Additionally, in contrast to findings in muscle and other tissues, the exercise-induced mitochondrial adaptations were not associated with elevations in PGC-1a suggesting that PGC-1a may play a lesser role in mitochondrial adaptations in testis as compared to other tissues (i.e. muscle) following endurance training. It is important to note that the activity of PGC-1a is regulated by a number of posttranslational processes (i.e. phosphorylation and acetylation) and unfortunately, without measuring these cellular modifications, the extent of the involvement of this protein cannot be entirely determined (Baur et al. 2006; Nemoto et al. 2005; Rodgers et al. 2005) .
The biogenesis of mitochondria also requires fusion and fission events that assist with their continuous reorganization and/or recycling. Mitochondrial fusion of the outer and inner mitochondrial membranes is regulated by the dynamin-related GTPases mitofusin 1 and 2 (Mfn1 and Mfn2) and optic atrophy protein 1 (Opa1), while mitochondrial fission proteins dynaminrelated protein 1 (Drp1) and fission protein 1 (Fis1) are Biogerontology (2014) 15:517-534 529 responsible for division (Eura et al. 2003; Misaka et al. 2002; Mozdy et al. 2000; Smirnova et al. 2001) . These proteins play a crucial role in mitochondrial morphology but are also important for redox signaling, oxidative capacity, and cell death (Seo et al. 2010) . Interestingly, Mfn2 gene expression is regulated by PGC-1a and estrogen-related receptor alpha (ERRa) demonstrating a direct link between these two pathways (Cartoni et al. 2005) . In skeletal muscle, loss of Mfn1 and Mfn2 results in atrophy which is associated with higher mutations rates, impaired mitochondrial metabolism, and reduced mtDNA content indicating that fusion is important for maintaining mtDNA integrity (Chen et al. 2010) . Moreover, these proteins adapt to physiological perturbations. For example, several studies have shown that Mfn1 and Mfn2 proteins increase in aging skeletal muscle (Joseph et al. 2013a; O'Leary et al. 2013) and that this is associated with enlarged, highly interconnected organelles with reduced mitochondrial function (de Cavanagh et al. 2003; Tandler and Hoppel 1986; Terman et al. 2006) . It is thought that the shift towards greater fusion of neighboring mitochondria is an attempt to facilitate the mixing of their contents and prevents the accumulation of damaged organelles within a cell. Additionally, expression levels of these mitofusins were increased in human skeletal muscle after exercise (Cartoni et al. 2005) , as well as in rodents following chronic contractile activity ). However, little is known regarding the response of these proteins in testes to age or exercise. In our study, aging did not cause any detectable changes in the abundance of these morphology proteins in testis. However, similar to previous studies (Cartoni et al. 2005; Iqbal et al. 2013 ), we found exercise-induced alterations in mitochondrial remodeling proteins but these responses only occurred in the aged testicular tissue and are consistent with much of our data indicating a more robust mitochondrial adaptive response within the aged compared to the young tissue. Taken together, our study represents one of the first to demonstrate that exercise is a physiological perturbation capable of evoking mitochondrial biogenesis in the testicular tissue of both young and old animals. In this study, we were unable to conclude whether the aforementioned exercise-induced alterations in mitochondria and testicular mass were associated with improvements in function since measures such as testosterone levels or reproductive function were beyond the scope of the current study. It is important to mention that while several studies show beneficial effects of exercise on testicular function through lower oxidative stress/damage and inflammatory molecules, and higher antioxidant capacity, there are other studies reporting that exercise training increase oxidative stress levels, reduce testosterone levels (Hu et al. 1998; MacKelvie et al. 2000; Tyndall et al. 1996; Webb et al. 1984) and negatively impact sperm motility and number (Vaamonde et al. 2006 (Vaamonde et al. , 2009 . The reason for these diverging results may relate to the intensity and duration of the exercise training program, with high levels of exercise intensity and volume potentially evoking detrimental effects. In this study we have attempted to offer detailed insight into the mitochondrial alterations that occur in, (1) the age-associated decline in function and/or atrophy of testicular tissue and, (2) the response to exercise training within young and old testis. Our data suggest that relative mitochondrial content and apoptotic susceptibility are not associated with age-induced testicular atrophy. However, we speculate mitochondrial function may be impaired with age and partially contribute towards testicular atrophy but more work is necessary to confirm this hypothesis. Our study confirms exercise training is capable of evoking mitochondrial biogenesis in both young and old testicular tissue but interestingly our data also indicates the novel finding that exercise evokes a more robust mitochondrial biogenesis program in the aged testicular tissue. Moreover, perhaps the most interesting and clinically relevant finding of the current study was that exercise training started in late-life either protects against age-induced testicular atrophy and/or restores testicular mass, and mitochondrial adaptations appear to, at least, partially contribute toward this improvement. This study demonstrates the need to pursue more research investigating the role of mitochondria in testicular dysfunction with aging and the potential to improve these age-related decrements in the testes by targeting mitochondria.
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